Sample preparation. Uniformly and base-specifically (U and C) 13 C, 15 N-labeled preQ 1 riboswitch samples were prepared by in vitro transcription using T7 polymerase (P266L mutant) with synthetic DNA templates as described previously. 
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RDCs measurements and order tensor analysis. One-bond C-H and N-H RDCs were measured on uniformly 13 C, 15 N-labeled samples in ~17-19 mg/ml Pf1 phage (ASLA Biotech, Ltd) using 2D 1 H-13 C S 3 CT-HSQC and standard 1 H-15 N HSQC experiments as described previously. 2 A total of 90 RDCs were measured for preQ 1 riboswitch in the absence and presence of Ca 2+ , respectively (Table S1 ). For order tensor analysis, 3,4 the lowest-energy structure from solution ensembles (PDB ID: 2L1V) 1 and the crystal structure with higher resolution (PDB ID: 3K1V) 5 were used as input coordinates for program RAMAH. 6 Protons were added to the crystal structure with Insight II (Molecular Simulations, Inc.). Four RDCs from terminal residues (G1 and G2) were excluded from the analysis both in the absence and presence of Ca 2+ due to its high flexibility. RDCs from L2 residues except those from C19 were excluded in the order tensor analysis, since these residues are not visible in the crystal structure used in the analysis.
13 C spin relaxation. Longitudinal (R 1 ) and rotating-frame (R 1! ) relaxation rates were measured for base carbons (C2, C6 and C8) using TROSY detected pulse sequences. 7 A high power off-resonance spin lock was calibrated as previously described as " SL = 4208.4±67.1Hz. 2 The carrier position was set to 143ppm and the offset of spin lock was 4000 Hz. Relaxation delays were 20, 400 (x2), 800 (x2) ms for R 1 experiments, and 2, 28 (x2), 56 (x2) ms for R 1! experiments, where duplicated measurements were indicated as x2. Relaxation rates and errors were determined by fitting intensities to a monoexponential decay,
"R #t , using NMRView and in-house software. The transverse relaxation rates (R 2 ) were obtained from R 1! and R 1 rates according to R 1! = R 1 cos 2 ! + R 2 sin 2 !, where ! = arctan(" SL /#) is the effective tilt angle in the spinlock field, " SL is the spinlock field strength in Hz, and # is the resonance offset from the spinlock carrier frequency in Hz. The R 1 and R 2 values are summarized in Table S2 .
On-resonance 13 C relaxation dispersion. The on-resonance relaxation dispersion profile for base carbon C6s of eight residues (including U8, U9, C10, U11, U15, C21, U22, and ! S3 U34) were measured using the recently developed 1D selective R 1! experiment with individually U and C labeled samples. 8 Each relaxation dispersion profile was composed of 12 points, two of which were duplicates for error analysis. The spin locks were calibrated and ranged from ~500 Hz to ~4000 Hz (Table S3 ). For each relaxation point, relaxation delays were 1, 5, 10, 15, 20 ms. Relaxation rates and errors were then determined by fitting intensities to a mono-exponential decay,
NMRView and in-house software (Table S3 ). The measurement errors of relaxation rates were obtained from these fitting errors as well as deviations between two duplicates.
During the analysis of dispersion data in the following, the input uncertainties for R 2 were set to be the larger values of either the measurement error or 2% of the relaxation rates.
The relaxation dispersion profiles were fitted to a simple expression for fast chemical exchange,
where ! = arctan(" SL /#) is the effective tilt angle, " SL is the spinlock field strength, and # is the resonance offset from the spinlock carrier, ! ex = p a p b #" 2 is the single fitting parameter, and " e = (" 2 SL +$ 2 ) 1/2 is the effective field in rotating frame. Since experiments were performed on resonance ($=0 and !=90 o ), the equation (1) can be simplified as 
where $% obs is the observed chemical shift changes, $% T is the total chemical shift change Note: The input structure was pre-rotated into the principle axis system (PAS) frame of the best-fit order tensor computed with the P1/L3 RDCs measured in the absence of Ca 2+ .
Table headings: Number of RDCs (N), RMSD between measured and back-calculated RDCs, quality factor (Q), condition number (CN), generalized degree of order ("), asymmetry parameter (#), and Euler angles ($, %, &) which rotate PDB from the input molecular frame to the PAS frame of the computed best-fit order tensor. 
